DBA/2J (D2) and C57BL/6J (B6) mice exhibit differential sensitivity to seizures induced by various chemical and physical methods, with D2 mice being relatively sensitive and B6 mice relatively resistant. We conducted studies in mature D2, B6, F1, and F2 intercross mice to investigate behavioral seizure responses to pentylenetetrazol (PTZ) and to map the location of genes that influence this trait. Mice were injected with PTZ and observed for 45 min. Seizure parameters included latencies to focal clonus, generalized clonus, and maximal seizure. Latencies were used to calculate a seizure score that was used for quantitative mapping. F2 mice (n ϭ 511) exhibited a wide range of latencies with two-thirds of the group expressing maximal seizure. Complementary statistical analyses identified loci on proximal (near D1Mit11) and distal chromosome 1 (near D1Mit17) as having the strongest and most significant effects in this model. Another locus of significant effect was detected on chromosome 5 (near D5Mit398). Suggestive evidence for additional PTZ seizure-related loci was detected on chromosomes 3, 4, and 6. Of the seizure-related loci identified in this study, those on chromosomes 1 (distal), 4, and 5 map close to loci previously identified in a similar F2 population tested with kainic acid. Results document that the complex genetic influences controlling seizure response in B6 and D2 mice are partially independent of the nature of the chemoconvulsant stimulus with a locus on distal chromosome 1 being of fundamental importance.
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Key words: seizure; quantitative trait loci; epilepsy; mice; pentylenetetrazol; genetics Human epilepsies are complex neurobehavioral disorders resulting from abnormal excitability of neurons in various brain regions. The origin of abnormal excitability in a specific subset of neurons, an epileptic "focus", and its subsequent propagation to secondary brain regions determines a specific clinical seizure phenotype. Although family (Beck-Mannagetta et al., 1989; Ottman et al., 1989) and twin studies (Berkovic et al., 1996) provide compelling evidence for genetic influences in epilepsy, the clinical and genetic heterogeneity characteristic of the epilepsies as a group have hindered the search for causative genes. Nonetheless, a number of significant genetic linkages have been reported (Leppert et al., 1989; Lehejoski et al., 1991; Lewis et al., 1993; Liu et al., 1995; Phillips et al., 1995) , and several of these have led to the identification of mutated genes (Steinlein et al., 1995; Pennacchio et al., 1996; Biervert et al., 1998; Charlier et al., 1998) . However, whereas human epilepsy genes isolated to date are involved in clinical syndromes inherited largely in Mendelian fashion, the majority of seizure disorders in humans are genetically complex. This provides a rationale for developing strategies to conduct a search for seizure-related genes of partial effect.
Identification and characterization of strain differences in complex phenotypic traits using experimental models provides a starting point for dissecting genetic influences involved in complex traits in humans. The well documented difference in seizure sensitivity between DBA and C57 mice is largely independent of the mode of seizure induction (Hall, 1947; Schlesinger et al., 1968; Taylor, 1976; Marley et al., 1986; Freund et al., 1987; Engstrom and Woodbury, 1988; Kosobud and Crabbe, 1990; Ferraro et al., 1995 Ferraro et al., , 1997 Ferraro et al., , 1998a and offers a unique opportunity to study how differences between common allelic variants influence behavioral seizure responses. Use of seizure models involving administration of pentylenetetrazol (PTZ) are integral components in the process used to identify clinically useful anticonvulsant drugs (Porter et al., 1984) and, as such, the identification of murine genes involved in determining sensitivity to PTZ may provide important insight into the pathogenesis of certain forms of epilepsy in humans. Moreover, if genetic loci that influence seizure response to PTZ overlap loci that influence response to other convulsants, then it may be possible to localize genes of fundamental importance in controlling seizures in these strains of mice and, in doing so, provide candidate genes for examination in human epilepsy.
We have undertaken a systematic evaluation of PTZ-induced seizure responses in D2 and B6 mice and their F1 and F2 progeny. Previous work in our laboratory has identified genetic loci that influence the differential seizure response of these strains of mice to kainic acid, the locus of greatest effect mapping to the distal region of chromosome 1 (Ferraro et al., 1997) . Results presented here confirm previous work on the relative seizure sensitivity of D2 mice compared to B6 mice and document that the differential response of these strains to PTZ is highly heritable with a multilocus determinism. Furthermore, several P TZ seizure-related loci detected in this study are in the same genomic vicinity as those mapped using a kainic acid seizure screening model, including the locus of largest effect on distal chromosome 1 (Ferraro et al., 1997) .
MATERIALS AND METHODS Animals
DBA /2J (D2) and C57BL /6J (B6) mice of both genders were purchased from the Jackson Laboratory (Bar Harbor, M E) at ages 5-6 weeks and bred in-house to propagate mice for these studies. Male D2 mice were crossed with female B6 mice to produce an F1 generation. F2 progeny were produced via F1 intercross. Mice were generally weaned at 4 weeks of age and then group housed (three or four mice per cage) by gender. Mice were maintained on a 12 hr light /dark schedule with food and water available ad libitum. All experiments were approved by Animal C are and Use Committees governing the participating laboratories.
Seizure testing
Testing was conducted when mice were 8 -10 weeks of age using a single subcutaneous injection of P TZ (Sigma, St. L ouis, MO). Mice were taken from their home cages and placed individually into Plexiglas cubicles (width, 15 cm; length, 20 cm; height, 30 cm) with a wire mesh floor for 30 min before P TZ injection. After injection, they were returned immediately to the cubicle and observed for 45 min. Latencies to focal (partial clonic), generalized (generalized clonic), and maximal (tonic-clonic) behavioral seizures were recorded. Three mice were observed simultaneously with seizure latencies derived using individual digital timing devices. A dose -response survey was conducted with male mice from each of the two parental strains (n ϭ 7-20 per dose per strain) in order to determine a dose of P TZ that best distinguished their seizure sensitivity. Based on the results of these experiments (Table 1) , testing of F1 (n ϭ 20) and F2 (n ϭ 511) generation mice was conducted with a dose of 80 mg / kg, s.c. At the end of the 45 min observation period, mice were killed by cervical dislocation. Brain and liver were harvested and frozen at Ϫ 70°C. Nuclear DNA was extracted (Lahiri and Nurnberger, 1991) from liver, quantified using the 280/260 UV absorbance ratio, and diluted with deionized water to a final concentration of 15 ng /l.
PT Z seizure phenot ype
We defined four phases in the continuum of behavioral response to subcutaneous P TZ injection.
Phase 1. Hypoactivit y. This phase was characterized by a progressive decrease in motor activity until the animal came to rest in a crouched or prone position with abdomen in f ull contact with cage bottom. 
Seizure score
Latencies (inverse) to partial clonus (PC), generalized clonus (GC), and tonic-clonic (TC) seizures were summed to assign each mouse a seizure score that was used as a quantitative trait measure for mapping according to the following equation:
Seizure score ϭ (0.2) (1/ PC latency) ϩ (0.3) (1/GC latency) ϩ (0.5) (1/ TC latency).
At the dose of P TZ used, all F2 mice exhibited partial and generalized clonic seizures. Only the most severely affected mice developed tonicclonic seizures. The weighting factors (0.2, 0.3, and 0.5) were included as a means of incorporating a measure of the progressive nature of the P TZ-induced seizure phenotype into the severity rating because generalized clonus is regarded as a more significant event than partial clonus, and tonic hindlimb extension is regarded as the most severe component of the phenotype. In this way, the seizure score reflects the degree of progression of the seizure syndrome in each mouse. This strategy is similar to that used for mapping loci influencing kainic acid-induced seizures (Ferraro et al., 1997) .
Genotyping
DNA markers used for genotyping were chosen from recently published maps based on a set of DNA microsatellite polymorphisms (Dietrich et al., 1996) with a spacing of 10 -20 cM. An effort was made to use markers with alleles that differed in size between strains by Ͼ8 bp. For such markers, PCR-amplified sequences were analyzed by agarose gel electrophoresis with ethidium bromide staining (Ferraro et al., 1998b) . After electrophoresis, genotypes were recorded from Polaroid 667 (3000 ISO) black and white prints by two independent readers and entered into a database for subsequent error checking through comparison of the two readings. Discrepancies were resolved by reference to a third reader. Irreconcilable discrepancies were discarded from analysis with the genotype listed as unknown. Alternatively, gels were analyzed with a digital gel documentation system (Gel Doc 1000; Bio-Rad, Hercules, CA) that provides thermal prints of digitized images from ethidium bromidestained gels. For marker loci having alleles with Ͻ8 bp strain difference, genotyping involved the use of P32 end-labeled primers, PAGE, and autoradiography as described previously (Ferraro et al., 1997) .
Data analysis
Latencies to the first partial and generalized seizure and to tonic hindlimb extension were recorded by a trained observer. All data were entered into a Microsoft E xcel (Office 97) workbook, and statistical evaluation of seizure phenotypes was carried out with the E xcel Analysis Toolpak or with Truepistat (Richardson, TX) statistics software. Results from dose -response experiments were analyzed with two-way ANOVA for strain, dose, and strain-by-dose interaction effects. Strain differences in expression of tonic hindlimb extension (maximal seizure) were investigated using Fisher's E xact test. Gender differences were examined in F2 generation mice by comparison of percentages of males and females exhibiting a maximal seizure using contingency analysis and also by comparison of gender-specific means for each of the latency measures and the total seizure score using Student's t test. Additionally, F2 mice were divided into two groups based on the presence or absence of tonic hindlimb extension (maximal seizure), and focal and generalized seizure latencies and seizure scores were compared in these groups using Student's t test.
The approach used for mapping P TZ seizure-related loci involved multiple analytic strategies used previously in studies of polygenic seizure models (Ferraro et al., 1997) as well as other polygenic models (Risch et al., 1993; McAleer et al., 1995; Schork et al., 1995) . The first strategy involved evaluation of associations between genotypes determined at 92 marker loci and tonic-clonic seizure response through use of ANOVA and 2 contingency procedures with marker locus genotypes taken as the grouping variables.
2 analysis determines the probability that the distribution of genotypes within "seizure" and "no seizure" subgroups of mice differs significantly from what would be expected to occur, assuming independent segregation of alleles. Markers found to be significant in univariate 2 analyses (threshold, p Ͻ 0.02) were evaluated to determine which mode of inheritance gave best fit to the data. Construction of simple genetic models for the effects of putative seizurerelated loci linked to each marker locus was carried out through use of linear logistic regression analysis as described previously (McAleer et al., 1995; Schork et al., 1995) . The second strategy employed stepwise multiple regression analysis to simultaneously evaluate the influence of multiple locus (marker) effects that surpassed a liberal statistical threshold ( p Ͻ 0.02) applied in the first strategy. Multivariate regression allows the examination of effects of multiple independent variables (genetic and phenotypic) on a quantitative or qualitative outcome variable and also facilitates evaluation of locus interactions. In the present study, the dependent variable for F2 mice was a tonic-clonic (maximal) seizure, and thus, for both contingency table and logistic regression analyses, F2 mice were grouped based on expression (n ϭ 335) or no expression (n ϭ 176) of tonic hindlimb extension. One outcome parameter of logistic regression analysis is an odds ratio that reflects the chance that a specific mouse will express a P TZ-induced maximal seizure if it harbors a specific genotype. The third analytic mapping strategy involved refining the position and effect of seizure-related loci through interval mapping using the standard (Lander et al., 1987; Lander and Botstein, 1989) and nonparametric (Kruglyak and Lander, 1995) Mapmaker programs with the overall seizure score taken as the quantitative mapping trait. Because seizure latencies served as quantitative parameters, and the presence of tonic-clonic activity added a heavily weighted component to the overall seizure score, mice expressing tonic-clonic seizures earned higher scores that were graded by seizure latency. The final analytic strategy involved investigating epistatic interactions between seizure-related loci using a logistic regression model but made use of markerbased genetic models for loci evaluated in the second strategy. We view these analyses as complementary approaches for the dissection of a multilocus trait.
RESULTS
Dose-response studies and subsequent seizure testing documented the relative seizure susceptibility of D2 mice to PTZ compared to B6 mice. Tonic-clonic seizure responses were observed for D2 mice over the range of P TZ doses tested, whereas B6 mice were responsive only at the highest dose (Table 1) . Based on these results, screening of F1 and F2 intercross progeny was conducted using a dose of 80 mg / kg, s.c. Table 2 presents a summary of strain data for the seizure latency traits and the overall seizure score. Heritability estimates based on values for F1 and F2 variance indicated a substantial genetic component for each measure (Table 3) ; however, these estimates are rough because they are based on relatively small numbers of observations. The distribution of F2 seizure scores is shown in Figure 1 . F2 mice distinguished by the expression of a tonic-clonic seizure were characterized by significantly shorter latencies to partial and generalized clonus and correspondingly greater seizure scores compared to F2 mice without tonic-clonic seizures (Table 4) . There was no significant effect of weight (T ϭ 0.495; p ϭ 0.31) or gender (F ϭ 2.029; p ϭ 0.15, ANOVA) on latency measures or on expression of tonic-clonic seizure activity.
Genome scanning used a total of 92 DNA markers with the mean (Ϯ SD) interval for adjacent markers estimated to be 14.5 Ϯ 6.5 cM. The largest interval was 29 cM between markers D18Mit29 and D18Mit123. Other intervals greater than 20 cM included D4Mit303-D4Mit189 (27.5 cM), D6Mit159 -D6Mit243 (23.5 cM), D8Mit287-D8Mit69 (23 cM), D12Mit182-D12Mit114 (27 cM), and D16Mit9 -D16Mit13 (23.6 cM). Contingency analysis conducted to examine the association between genotype and tonic-clonic seizure phenotype detected groups of linked markers on chromosomes 1, 5, and 6 with additional individual markers detected on chromosomes 3 and 18 (Table 5) . Logistic regression analysis revealed significant or suggestive evidence for linkage on chromosomes 1, 3, 5, and 6 (Table 6) . As expected for a polygenic trait, PTZ seizure susceptibility loci are derived from both "sensitive" (D2) and "resistant" (B6) strains with D2-derived susceptibility alleles on chromosomes 1 and 6 and B6-derived susceptibility alleles on chromosomes 3 and 5. Table 2 ) following log transformation of latency data. Multipoint interval mapping conducted on the f ull dataset demonstrated significant or suggestive evidence for linkage on three chromosomes, supporting results from logistic regression analysis for loci on chromosomes 1 and 5. In addition to corroborating locus effects that were detected by multivariate regression, interval mapping also yielded suggestive evidence for a B6-derived susceptibility locus on chromosome 4. L ogarithm of odds (LOD) plots for chromosomes 1, 4, and 5 are shown in Figure  2 A-C. The peak L OD score on chromosome 1 (Fig. 2 A) was associated with more distal markers D1Mit30 and D1Mit16 (LOD ϭ 12.7, with 14.7% of total variance explained), whereas a second L OD peak was detected more proximally, near markers D1Mit7 and D1Mit11 (L OD ϭ 10.3 with 11.6% of total variance explained). This result is consistent with retention of both proximal and distal chromosome 1 markers in the logistic regression analysis and suggests the presence of at least two distinct seizuresusceptibility loci on chromosome 1. Analyses conducted using the nonparametric version of Mapmaker/QTL yielded similar evidence for linkage on chromosome 1 (data not shown). Interestingly, the location of the distal chromosome 1 LOD peak coincides closely with the peak LOD score obtained in a previously reported study of kainic acid (KA)-induced seizure susceptibility in these two strains of mice (Ferraro et al., 1997) . The KA LOD plot for chromosome 1 markers is redrawn in Figure 2 A for purposes of comparison with the PTZ plot. Genome-wide interval mapping also revealed the presence of a significant PTZ seizure-related locus on chromosome 5 (LOD ϭ 4.18 with 5.8% of the total variance explained) and a suggestive locus on chromosome 4 (LOD ϭ 3.14 with 4.6% of the variance explained).
Epistatic interactions between mapped loci were evaluated in a stepwise logistic regression model (Table 7) . The main effects fixed in this analysis were the five markers from Table 5 . Overall the results indicate two significant interactions involving D3Mit268, one with D1Mit17 and another with D5Mit398. As is evident, the main effects from these three loci are diminished in this model because their effects are explained by epistasis. Thus, with regard to the D2-derived major susceptibility allele on distal chromosome 1, its effect to increase PTZ-induced seizure risk is only observed in the presence of a B6-derived allele at D3Mit268.
DISCUSSION
We have conducted a full genome scan to detect influences mediating sensitivity to maximal seizures induced by PTZ and show that a locus on distal chromosome 1 near markers D1Mit16 and D1Mit17 exerts the most prominent genetic effect in this model. Based on recent convention (Lander and Kruglyak, 1995) , this locus surpasses criteria for declaring significant linkage. In addition, the position of the chromosome 1 locus reported in the present PTZ-induced seizure model corresponds closely with the location of a chromosome 1 influence (near D1Mit16) detected in a KA-induced seizure model (Ferraro et al., 1997) consistent with the possibility that the underlying genes are identical. The fundamental importance of the D2-derived seizure susceptibility gene or genes represented by this distal chromosome 1 locus is underscored and given added biological significance by virtue of the fact that the KA model of seizure induction is mechanistically different from that using PTZ. Whereas PTZ-induced seizures are initiated by blockade of brain GABA receptors (Olsen, 1981; Ramanjaneyulu and Ticku, 1984) , KA-induced seizures are initiated by activation of glutamate receptors (Simon et al., 1976) . It is likely that a genetic locus that affects the broad function of the two main neurotransmitter systems in the CNS may represent an important component of a final common pathway for regulating a Regression was conducted with the dependent variable defined as the presence (n ϭ 335) or absence (n ϭ 176) of tonic-clonic seizure activity. b Markers with significant phenotype-predictive value (see Table 5 for markers entered into analysis). Marker data were recoded to reflect the best-fitting mode of inheritance. Results are expressed in terms of the seizure-susceptibility allele. c Mean regression coefficient (ϮSEM) for the marker. d Probability that the regression coefficient equals 0.00. e Odds of expressing a PTZ-induced tonic-clonic seizure when possessing the susceptibility genotype at the indicated marker locus.
neuronal excitability. We also have preliminary results indicating that the influence of the seizure susceptibility locus on distal chromosome 1 crosses over into a nonpharmacological seizure induction paradigm involving maximal electroshock threshold (Ferraro et al., 1998a,c) .
Additional evidence for a seizure-related influence on distal mouse chromosome 1 comes from a recent report involving a model of ethanol withdrawal (Buck et al., 1997) suggesting that the withdrawal severity locus detected in that study may reflect a generally lower seizure threshold in D2 compared to B6 mice rather than being related specifically to physiological dependence on ethanol. Several other polygenic mouse models of epilepsy have been studied, but none have been shown to involve chromosome 1 loci (Frankel et al., 1994 (Frankel et al., , 1995 Martin et al., 1995) . It is particularly noteworthy that none of the loci for audiogenic seizure susceptibility map to chromosome 1 (Neumann and Collins, 1991) ; however, since D2 mice develop resistance to audiogenic seizures as they mature yet are sensitive to electroshock and PTZ seizures, it is likely that different genes are involved, with audiogenic seizure sensitivity mediated by genes whose expression is under developmental control. This phenomenon might be related to a brain region-specific alteration in gene expression because audiogenic seizures involve auditory and vestibular pathways that may not be involved in maximal electroshock seizure threshold or PTZ seizures. Another possibility is that the chromosome 1 locus does have an influence on sensitivity to audiogenic seizures but that the effect is relatively small compared to Asp1, Asp2, and Asp3 and escapes detection by the methods that were used for study. Nonetheless, the possibility that the same distal chromosome 1 locus participates in controlling neuronal hyperexcitability in such diverse models as PTZ, KA, and ethanol-withdrawal seizures provides considerable impetus to identify the responsible gene or genes, and those genes whose protein products are involved in transmembrane ion flux represent logical candidates (Ferraro and Buono, 1999) . Based on this idea, candidates on distal chromosome 1 include genes for subunits of Na,K-ATPase (Atp1a2, Atp1b1) and a potassium channel gene (Kcnj10).
In addition to the distal chromosome 1 locus of significant effect, a second chromosome 1 locus that also exceeds criteria for declaring significant linkage (Lander and Kruglyak, 1995) was detected more proximally. Although the interval mapping proce- dure inherent in the Mapmaker/QTL program does not reliably distinguish two linked trait-influencing loci from a single locus, the detection of two discrete L OD peaks in the Mapmaker analysis ( Fig. 2 A) is consistent with retention of two distinct chromosome 1 loci in the multivariate regression analysis ( Table  5 ) and suggests that there is also a proximal seizure-related locus on chromosome 1 that influences the differential response of D2 and B6 mice to P TZ. This locus was not detected in the KA model (Ferraro et al., 1997) and has not been reported to be involved in other multigenic seizure models to our knowledge. A relevant candidate gene near this locus is Slc4a3, the gene for an anoin transport protein. The use of interval-specific congenic strains will help to dissect these two potentially distinct chromosome 1 influences. Among other loci that meet proposed criteria for significant or suggestive linkage (Lander and Kruglyak, 1995) , the locus on chromosome 5 near marker D5Mit398 represents another influence whose location overlaps that of a K A seizure-related locus (Ferraro et al., 1997) . In the present study, the chromosome 5 locus was detected both with interval mapping procedures as well as with multivariate analysis. Consistent with results from the KA model, the chromosome 5 seizure-susceptibility allele is derived from the relatively seizure-resistant B6 strain and f unctions in a recessive mode. Although the location of this locus appears to map slightly more distal than that reported in the K A study, it is nonetheless within a 1-L OD confidence interval and may reflect the same genetic influence. To our knowledge, this locus does not coincide with seizure susceptibility loci reported by other investigators. Relevant candidate genes near this locus include Gabra2 and Gabrb1, which code for subunits of GABA receptors.
Novel QTL s detected in this study include a D2-derived susceptibility factor on chromosome 6 near D6Mit102 and a B6-derived susceptibility factor on chromosome 3 near D3Mit268. Although these regions have not been identified as harboring susceptibility factors in other polygenic seizure models, the chromosome 6 influence maps to the general vicinity of genes studied in several knock-out mice with seizure-related phenotypes, including the neuropeptide Y gene Npy (Erickson et al., 1996) , a potassium channel gene, Kcna1 (Smart et al., 1998) , a gene for an inositol triphosphate receptor, Itpr1 (Matsumoto et al., 1996) , and the tumor necrosis factor receptor genes Tnf rsf1a and Tnfrsf1b (Bruce et al., 1996) . The possibility that these genes represent genes of partial effect in controlling seizure responsiveness in multifactorial models deserves investigation with regard to natural variation in sequences between B6 and D2 mice.
Interval mapping also yielded suggestive evidence for a seizure-related locus on the proximal part of chromosome 4. This effect is relatively weak and might be expected to occur by chance frequently enough in a genome scan as to be regarded as a potential false-positive result. Interestingly, a proximal chromosome 4 locus was also detected in the K A study, however in that case, the seizure susceptibility allele originated in the B6 strain (Ferraro et al., 1997) , whereas in the present study, higher PTZ seizure scores are associated with the presence of D2 alleles. It is possible that the locus detected here may be related to the audiogenic seizure susceptibility locus Asp-2, a D2-derived susceptibility factor mapped to this approximate chromosome 4 region (Neumann and Collins, 1991) or to a D2 susceptibility locus for ethanol withdrawal-induced seizures also recently mapped to this area (Buck et al., 1997) . The possibility that this locus influences such diverse seizure phenotypes suggests that it too may represent a fundamentally important gene involved in neuronal hyperexcitability.
In summary, we continue to characterize the genetic factors that mediate the dramatic difference in seizure response between D2 and B6 mice. Based on results of this and previous studies (Ferraro et al., 1997) , we conclude that, like susceptibility to kainic acid-induced seizures, sensitivity to PTZ-induced seizures is a multifactorial trait with the strongest genetic influence originating from the distal region of chromosome 1. Isolation of the gene or genes responsible for this effect may lead to fundamental new insights into the control of neuronal excitability and the understanding of seizure disorders.
